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Introduction
This is an interdisciplinary project of an unusual sort. The students enrolled in a Mechanical Engineering design course to learn to create the initial design, up to the point of creating a schematic diagram ready to be built. They then enrolled in an Electrical Engineering design course to complete the circuitry, communication, and display. Due to course offerings and student scholarship deadlines, this interdisciplinary approach was more by necessity than by design. Nonetheless, this project was initiated and became a success. There were many challenges, such as technical advising and administrative necessities. Descriptions, schematics, and performance data support the notion of a successful project, along with an assessment of the feasibility and appropriateness of this project, its interdisciplinary character, and its performance. Perhaps this situation is unique, but maybe it is not. In any case, the following descriptions and assessments document a unique and successful undergraduate design project.
Context and Technical Approach
The application for this energy harvesting system is for transportation, collecting energy available from an ordinary, heavily traveled highway. The system captures energy from the sunshine on the road and from the deformation of the road surface as cars pass by. This project's deliverable is a small scale prototype having all of the basic functions of such an energy collection system, mounted on a set of circuit boards, sensors with mounts, and displays. No hardened packaging is specified or expected.
Such an energy collection system, as an end product, can become quite complicated. To make the project feasible, we simplify it to its basic elements of photovoltaic energy collection, piezoelectric energy collection, energy processing and storage, wireless communication and control, and information display. Broad specifications are given in Table. 1. Minimal for one-person transportation and system operation on site. Measurement accuracy Accuracy specified in technical documentation for instruments in the electrical power lab of the university
Other detailed specifications are given in each section of the discussion that follows.
In either case, photovoltaic or piezoelectric, energy is collected using well known technologies, methods, and hardware. Energy aggregation and storage is in a sealed lead acid battery. The photovoltaic system transfers its collected energy directly to the battery in a continuous fashion common to many solar battery chargers. The piezoelectric system stores its energy in a capacitor for pulsed energy transfer to the battery, interrupting the photovoltaic energy transfer briefly. The difference in energy processing methodology is primarily based on how the energy arrives: photovoltaic energy tends to arrive in a continuous stream whereas the piezoelectric energy arrives in pulses in a pattern characteristic of the arrival of car tires. In the system that was designed for this project, minimizing hardware volume, i.e., capacitor volume, tends to encourage collecting more photovoltaic energy than the piezoelectric energy.
An Arduino microcontroller supervises energy collection and storage. Appropriate voltage and current sensors provide data that enables the Arduino to calculate and to display the amount of energy captured. This information is communicated wirelessly to a simple data collection system and then displayed on an LCD screen.
The result of the project is a prototype that collects energy by both means, stores the energy, and communicates how much energy has been captured. In the following sections of this paper, appropriate design schematics, parts selection, and test results appear.
Photovoltaic Energy Collection
Photovoltaic panel (Luxini Solar Model 1200) specifications are as follows: Piezoelectric Pulse Charge Controller Figure 3 shows the switching system to move energy from the piezoelectric energy collection circuitry of Figure 2 onto the battery. Figure  2 ) and sends the signal to switch relay RL1 to the "capacitor output" connection. Capacitor (c6) discharges when the path is connected to the battery, where it transfers the energy from the capacitor to the battery. Discharge takes approximately two seconds. Relay RL1 returns to its "solar output" connection when the capacitor drops below twelve Volts, completing a transfer of approximately 65% of the capacitor's stored energy.
Wireless Communication
The project's specifications require wireless communication of information such as battery voltage and energy collection status in both systems. The basic idea of this part is to have a transmitter and a receiver that are connected wirelessly to transmit data. Each has a Zigbee radio connected to an Atmego 328 microcontroller.
Data collected for transfer includes battery voltage, solar output voltage, and capacitor voltage. A system block diagram is shown in Figure 4 . The microcontroller is the same one that regulates energy collection in both the photovoltaic and the piezoelectric energy harvesting circuitry. From its analog inputs, it converts the voltage sensor signals from each analog voltage sensor (as described already) into a digital signal for transmission by the Zigbee Transmitter.
A Zigbee Receiver receives the data and sends the data to another Atmega 328 microcontroller for recording and display. 3, 4 A system block diagram is shown in Figure 5 . The receiver and display are normally kept in a low power mode, activated by a pushbutton switch. Data displayed on an LCD display are the battery voltage solar output voltage, and piezoelectric voltage. Whereas the transmitter side must have tight conservation of energy, the receiver side is assumed to be located where energy for its power supply is abundant.
Lead Acid Storage Battery
Energy is stored in a sealed lead acid battery. A lead acid battery was chosen over a lithium battery because the lead acid is cheaper, safer, and good in high and low temperature. Anticipated environment for this system is the Saudi Arabian desert. Table 2 . The solar panel was first exposed to the sunlight. Then half of the solar panel was shaded. Finally, the whole solar panel was shaded. The current shown was transmitted directly to charge the battery. Figure 7 shows minimal packaging of the prototype. Clockwise from upper left are the piezoelectric cell hardware, receiver, solar panel, battery, and transmitter. Not shown are the two microcontroller boards.
Six piezoelectric sensors are placed in series under squared hard plastic. Each sensor has foam placed underneath so it gives it more protection from breaking and it also gives more deflection. This way of assembly is to generate more voltage. The Printed Circuit Boards are more efficient as they require no wires. An LED has been placed on the transmitter and receiver boards to give a sign of whether or not the board is functioning.
The students learned and applied basic engineering skills, including the important skill of specifying and combining several subsystems, each of which may already be well known, into a creative end product. Throughout its nearly two decades, the program has balanced department control while pooling assets for administration and teaching. A majority of the projects are now interdisciplinary. 7, 8, 9, 10 Mechanical Engineering has always provided overall program leadership. Each department provides instructors in its disciplines for both administration and technical advising. The committee formed by all of these instructors, administrative and technical, decides project offerings and assigns students to projects. Each respective department's administrative instructors award grades to students. Grading is by carefully defined rubrics contained on the course administrative webpage, readily available to students. On interdisciplinary projects, there is always a technical advisor from each interested discipline assigned to the project. The technical advisor provides disciplinary guidance and input on grades. . Departments assign the equivalent of one course to each administrative instructor's teaching load. Departments assign 5% of instructor time as credit for serving as technical advisor for a project. Multiple projects under a single instructor earn 5% credit each.
Interdisciplinary Senior Design Program: Specific Assessment
The project at hand is primarily an Electrical Engineering project with important aspects of Mechanical Engineering in the design, modeling, and construction. This project's first semester was administered by Mechanical Engineering. Electrical Engineering does not offer senior design in the summer term. A technical advisor from Electrical Engineering served, but administration, classes, and even the course number was Mechanical Engineering. Both Mechanical and Electrical instructors attended weekly project meetings. They coordinated course requirements, student presentations and reports, and grades by in-person meetings. The students had to petition to get this first semester to count toward their Electrical Engineering degree.
Electrical Engineering administered the project's second semester as the latter half of its springfall two-course sequence. Again, the same technical advisor from Electrical Engineering served and the course director was also Electrical Engineering. Formal instruction was under supervision of Mechanical Engineering, as it has been since 1999. For all this complicated structure, the project's administration was quite smooth. Some of that may be due to both the Mechanical Engineering lead instructor, also the overall senior design course lead, and the Electrical Engineering technical advisor were two of the original three professors who created the program in 1999. 10, 11 ABET requirements were addressed by each department separately. Each department writes its own amplification of the (a) through (k) outcomes to this capstone design. The instructor in each respective department completes his own department's ABET reports in the context of his own department's requirements, outcomes, and formats. Student work records are maintained by the Mechanical Engineering department as the lead department in the interdisciplinary structure. These are shared as requested to support ABET visits. Since 1999, there have been three ABET visits to each program (2001, 2007, and 2013 ) without a single adverse comment. On the contrary, the program has won national awards for its effectiveness and the thoroughness of its centralized documentation at the Mechanical Engineering Department.
Student performance in this interdisciplinary design project had a slow start. The summer session is only eight weeks. The first five weeks showed little progress, including their presentation on the project definition that they did. A bad grade seemed to motivate them. Their end-of-course design review was quite strong. They finished their first semester with most of the design work completed. Only construction and validation remained. In their second semester, the project was essentially complete by mid-semester. Their design simulations were successful. They built the prototype and completed testing and validation. They met specifications and received an "A" grade for their successful work. Their technical success is the subject of the first part of this paper. All students graduated at the end of the second semester. There was some variation in contributions to the project's success, with two of the students exhibiting somewhat greater knowledge and performance than the other two. The project's results form a basis for writing a grant proposal for advancing the work. Two of the students wrote that proposal under the supervision of the lead Electrical Engineering instructor.
This project exhibits an important application of teaching engineering design skill. For a long time, engineering design involved integrating and applying basic elements to create a product or process that performed to specifications. More recently, the basic skill of the engineer has become an ability to take packages or modules and combine them into a productive system. It is important to be able to integrate existing hardware and software as a basic skill of today's engineer. This project is an illustration of the latter. Many engineering functions already exist in commercially available hardware and software packages. Engineers now may combine these packages into desired systems. All of the elements of this project are packages or modules of some sort or other. There is little design from scratch elements. The result is a system that performs to system specifications. This is an important design concept that this project teaches.
Conclusions
This paper documents a senior engineering design project of an unusual sort. The project itself, from a technical perspective, integrates a photovoltaic energy harvesting system with piezoelectric energy capture circuitry. Specifications were met with a system that provides continuous photovoltaic energy to charge a battery. Piezoelectric energy is stored in a capacitor and then pulsed into the battery in an organized fashion. Data from voltage sensors is gathered and wirelessly transmitted to a place where it is stored and displayed. Technically, the project performed to specifications. As an interdisciplinary project, this combined the resources of Mechanical Engineering with Electrical Engineering under the umbrella of a senior design course sequence and system that has produced successful interdisciplinary project for nearly twenty years. Administrative hurdles were successfully navigated while maintaining the integrity of the senior design program. An assessment reveals that the documented senior design system that has proven successful since 1999 again provided these students with a smooth and meaningful experience despite the unique circumstances. Students learned appropriate engineering skills through a challenging and unique project.
